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METHOD OF MANUFACTURING 
DIFFRACTIVE OFTICAI* ELEMENT 

FXEI J3 OF THE INVENT I ON AND REIATEP ART 

This invention relates generally to a 
nothod of manufacturing a diffraetive optical element . 
In other aspects, the invention concerns a mold for 
production of a dif tractive optical element which mold 
is produced i r> accorri^ncft with the diff rantiivft optical 
element manufacturing method, a diffractive optical 
element, an optical system having such diffractive 
optical element, an optical instrument, an exposure 
apparatus , a device manufacturing method/ or a device 
Itself. More particularly, the invention concerns a 
mfithnd of manufacturing a diffractive optinal el em^n t 
or the like having a section of biased shape. 

Conventionally, the followinq methods are 
known as a method of manufacturing a diffractive 
optical element having a section of blazed shape 
(saw- toothed shape) . 

(a) Japanese Laid- Open Patent Application, 
Laid-Opcn No. 224398/1993 ohowo a method uoing a 
transmission factor control type mask, in which the 
transmission factor of light is made variable wi th the 
structure that aggregations of opening portions and 
light blocking portions being al Leiu<* Ltsly disposed 

with a small spacing which is unresolvable by mask 



oxpoeure, are formed on a substrate by optical exposure 
t chnology, with, a resolvable spacing. By a single 
exposure using this mask, a resist pattern is formed, 
into a deeiredblazod shape, and the thus formed resist 
pattern is used as a diffractive element. 

(to) Japanese Laid-open Parent Application, 

Laid—Open Ho. 27505/1986 shows a. method in which an 

electron beam is projected onto a substrate, for 
providing a diffractive optical element, to shape a 
resist into a blazed shape and, after that, the resist 
and the substrate are etched by reactive ion etching, 
for example, such that a diffraction element having 
a desired biased shape is produced. 

(c) Japanese Laid-open Patent Application, 
Laid-Open No. 168601/1988 shows a method in which an 
etching stopper layer having a periodic protrusion 
shape is formed on a substrate by a photolithographic 
process and, after that, polyimide is applied to fill 
the interspace of the etching stopper layer. 
Subsequently/ etching-back is carried out to the level 
of the etching stopper layer. After this, ion milling 
is performed in an oblique direction to produce a 
blazed shape. A reflection layer is formed thereon, 
to provide a reflection type diffraction grating. 

As described above , a diffractive optical 
element with a scotion of biased oh ape or a. mold 
therefor is manufactured by using lithographic 



technology including' exposur ana etching processes, 
which used in the semiconductor production. If 

Lhttze occurs no error in the reaiot pattern shape, 
boing patterned, an idealistic blazed shape can be 
produced . 

For example, a diffraction grating , that 
is, a blazed grating, constituted by grooves having 
a saw-tooth sectional shape as described above, has 
a feature that, when the sectional shape is a caw- tooth 
shape that satisfies a blaze condiLiou, liglit is 
concentrated to diffraction light of a particular 
order as determined by the blaze condition and, 
therefore, it can diffract light efficiently to a 
particular direction. For this reason, it is very 
useful in a spectroscope , an optical information 
processing unit, or a.u optical system, for example. 

The blaze condition can be expressed by the 
following equation, when the tilt (blazed angle) of 
the saw-tooth shape grooves shown in Figure 5 is 0, 
the period .of the grooves is W, the wavelength of 
incident light is X and the refractive index of the 
diffrauLivu optical element is n: 
tan© = A/{Wx(n-l> } 

Further , as described above, since the 
diffractive optical element exercises its optical 
performance in dependence upon the blazed shape formed 
on a substrate, the optical performance thereof , 



particularly, the diffraction effici ncy is largely 
influcftfled by tho foraod blazed sh^pft, fchafc is, the 
sectional »li«Lp«a . 

However, conventional methods such as 
daacribod above involve the following inconveniences . 

In the simultaneous expoauro prooees of 
method (a) using a variable transmission factor ma»k, 
it is difficult to preci *ely produce the shape of the 
slant of the blase and the phase dio continuous portion , 
by using a resist pattern. Where the grating pitch 
is relatively large as conventional, the error might 
be disregarded. However, if the grating pitch is fine, 
it can not be disregarded. 

Further, in the diffractive element 
produced in accordance with method (a) , a resist is 
used as the diffractive element. Therefore, it is 
soft and the durability is bad. Where it is used as 
a transmission type diffractive element, since the 
transmission factor of the resist which i» an organic 
material is low with respect to light of a wavelength 
shorter than visible light, the practicability is 
small. More specifically, Figures 13A - 13C are 
sectional views for explaining processes for 
manufacturing a biased shape diffractive element in 
accordance with the method (a.) . At the step of Figure 
13A, a resist film Bl xs formed on a substrate 80. At 
step of 139, the substrate is loaded into an exposure 



apparatus, and the resist 81 is exposed to oxposuro 
light 83, whil the exposure amount by the exposure 
light 83 is changed periodically by using a 
transmission factor control typo mask 82 . Where a 
positive type resist is used, exposed regions become 
solvable to developing liquid. Thus, as shown in 
Figure 13C, a resist pattern 84 of a desired blamed 
Shape is formed by developing treatment. As a result, 
a substrate 80 having a desired blazed shape formed 
on its surface is produced. 

As described above, since the diffractive 
element manufactured by this method uses the resist 
as the diffractive «l«mant, it is soft and the 
durability is bad. When it is used as a transmission 
type diffractive element, since the transmission 
factor of the resist which is an organic material is 
low with respect to light of a wavelength shorter than 
visible light, the practicability is low. 

In the electron beam patterning process 
according to method (b) described above, when a resist 
pattern of biased shape is produced, an error in shape 
of the resist pattern with respect to an idealistic 
shape becomes generally small, whereas, since the 
amount of pattern drawing is huge, a sufficient 
throughput is not attainable for the production. This 
leads to a problem that, if the device size becomes 
large, the work time becomes extraordinarily too long. 



£ 
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In accordance with meth <i (o) , in the 
formation of the slant u£ thw bl<izwd shape, Lhe slant 
ia formod simultaneously by the ion milling. 
Therefore , biasing is attainable in the case o£ a 
5 regular-period diffraetive element which requires an 
even blaze angle over Che whole diff ractive element, 

whereas biasing is very difficult in the casa of an 
irregular-period diffraetive element which has both 
of diffraction function and condensing function since 
10 optimum blare angle is different for the grooves, 
respectively. Further, in accordance with this 
method, a large-size etching apparatus is necessary, 
but also, etching of a large area is difficult to 
pi accomplish. Therefore, only a small area substrate 



15 can be processed. Also, even when plural diffraction 
gratings are produced simultaneously, the efficiency 
is low. Additionally, with this method, for those 

other than an even pitch, the manufacture is very 
difficult. Therefore, the applicability of elements 

20 produced thereby is very narrow , 

Further, in the manufacture of a 
diffraetive optical element or the like in which a 
blazed shape resist pattern itself is used or a resist 
pattern is used as a transfer mask, such as described 

75 above , an error due to the resist pattern causes 
extraordinarily large degradation of the optical 
performance of the diffraetive optical element, 



particularly, the diffraction ©ffici ncy . It is 
Impossible to remove th rror of the resist pattern 
Bhapo completely. For example , tfhftrft a transmission 
factor control type mask is used with optical exposure 
technology, under the condition that the exposure 
wavelength is 248 nm, numerical aperture Of a 
projection system ia 0.60, the resist is SAL601 (430 
mat) and a transmission factor uuaUol typw mask of 
11 -level is used, it ia very difficult to produce an 
idealistic shape of a resist pattern, that is, blaxed 
shape or right triangle, as seen from a calculation 
example shown in Figure 14. Further, such error 
causes an increase of cost because, once produced, 
correction is impossible. 

As described above, it is impossible to 
completely avoid an error in the shape of a resist 
pattern. As a result, an idealistic shape such as 
shown in Figure 12A and a shape different from the 

idealistic shape, that is, an incorroct shapo such a.s 
shown in Figure 12B, are produced. The optical 
performance such as oittraction efficiency, for 
example, is degraded largely thereby. 

The inventors of the subject application 
have made the following investigations in relation to 
production o£ a blazed shape, while defining an error 
(x) which concerns tilt of the vertical portion , such 
as shown in the Figure 12B, and an error (y) concerning 



a discontinuous surface where the blazed surface is 
spatially interrupted. 

Now, a case is considered as an e»atnplft, 
wherein Si02 is used as a substrate, the period W is 
2.80 micron, the depth is 427 nm, and the used 
wavelength is 248 nm . Where an idealistic blazed 
shape such as shown in Figure 12 A, is produced , the 
diffraction efficiency according to wcrt theory, 
including the loss due to reflection, is 88.57%. On 
the other hand, where a deviation in inoorroot shape 
(Figure 12B) from the idealistic shape (Figure 12A) 
is expressed by x and y, and when x - y s 200 nm, the 

diffraction efficiency with reflection being taken 
into account i*s 78.05%. This corresponds to a 

decrease of 10 . 52% . According to actual measurements 
and simulations made by the inventors, similar results 
were obtained. 

In the case of Figure 14, the shape error 
amount is x = 160 nm and y = 315 nm. Zt is estimated 
that, if this error is directly transferred and 
reproduced xn a dittraotion pattern, the Oittraotion 
efficiency is 80% or less. Further, as regards the 
influence of the shape error x and y to diffraction 
efficiency, if x = 2 00 nm and y = 0 nm, the theoretical 
diffraction efficiency including the loss due to 
reflection is 81.95%. Similarly, if x — 0 nm and y 
= 2 00 nm, the theoretical diffraction efficiency 



including the loss due to reflaetion is 87.50% Thus , 
even for th same error amount/ tharw i» a difference 
of 5.55% in the theoretical diffraction errici ncy. 
Table 1 below shows theoretical diffraction 
efficiencies in cases where the shape error amount x 
and y changes from 0 to 250 nm. 

TABLE 1: CHANGES IN DIFFRACTION EFFICIENCY 
DUE TO- ERROR IN BIASED SHAFJS 
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Thus, it is seen that, in a diffractive 
optical element having a blazed shape, the influence 
to the optical performance, particularly, the 
diffraction efficiency, is largely attributable to the 

shape error X, that is, the shape error in the vertical 
portion of the biased shape . 



SUMMARY OP TBS IHVEMTION 

It is an object of the present Invention 
to prnvi Ha a mfthhod of manuf anturing a dif frACitivft 
optical element by which an error in shape can be 
reduced effectively* 

It is another object of the present 
invention to provide a mold for manufacture of a 
diffractivu optical element which mold is produced in 
accordance with the diffractive optical element 
manufacturing method, a diffractive optical element, 
an optical system having such diffractive optical 
element, an optical instrument having such diffractive 

Optical ol«m«nt, an exposure apparsitus having such 
diffractive optical element, a device manufacturing 
method using a diffractive optical element, or a device 
produced by using a diffractive optical element. 

In accordance with the present invention, 
there is provided at least one of a diffractive optical 

«lomant manufacturing method , a diffractive optical 
element manufacturing mold being produced in 
accordance with a diffractive optical element 
manufacturing method, a diffractive optical element, 
an optieal system having a diffractive optical element, 
an optical instrument, an exposure apparatus, a device 
manufacturing method and a rfevi c» , having features (1) 
- (37) below. 

(1) A method of manufacturing a diffractive 



optical element;, including * prooeo for forming a 
resist mask of blazed shape upon a substrat and for 
etching the substrate by \ise of the r*=u*-i air. masV An that 
the blazed shape is transferred to the substrate, 
characterized by a process for forming;, before the 
etching, means effective to prevent a taper shape, to 
be produced at an edge of tho biased shape of the resist 
mask, from being transferred to the uubbtrdbu. 

(2) A method of manufacturing a dif tractive 
optical element, including a process for forming a 
resist mask of blazed shape upon a substrate and for 
etching the substrate by use of the resist mask so that 
the biased shape is transferred to the substrate, 
chctr<t« tyrizod by a process for forming, before Lhe 
etching, a mask or non -biased shape at a position 
corresponding to an edge of the blazed shape of the 
resist mask. 

(3) A method of manufacturing a dif tractive 
optical element, including a process for forming a 
resist mask of blazed shape upon a substrate and for 
etching the substrate by use of the resist mask so that 
the blazed shape is transferred to the substrate, 
characterized by a process for forming, before the 

etching, a protrusion at a position corresponding to 
an edge of the blazed shape of the resist mask. 

(4) A method of manufacturing a diffractive 
optical element by transferring a mask pattern to a 



workplace , characterized in that a shape of a vertical 
portion of the diffractive optical element is de-Fined 
by use o£ a firdtmaak and that a shape of a slant portion 
of the dif tractive optical element is defined by a 
second mask and in a processing region determined by 
the first mask. 

(5) In items (4) and (5) , the shape of Lhe 
vertical portion r>£ the dif tractive optical element 
may be defined by t ran of erring an edge portion of the 
first mask. 

(6) In item (5) , the processing region may be 
a region determined by transferring the edge portion 
of the first mask. 

(7) In item (4) , the first mask may be made of 
first and second materials , wherein, after a 
processing region determined by the first material is 
processed, the processing region may be covered by the 
second material and, subsequently, the first material 
may be removed and, while using that portion as a 
processing region, the processing region determined 
by the first material may be replaced by the second 
material to cause inversion of processing; region. 

(8} In item (7) , each of the first and second 
materials may consist o£ at least one of metal , oxide 
and nitride. 

(9) in item (8) , one of the first and second 
materials may comprise a chromium oxide film, and the 



other may comprise an aluminum film. 

(10) In item (8) , on* of the first and second 
materials m*y comprise a dual-layer film having a 
chromium oxide film and a chromium film, and the other 
material comprisos an aluminum film. 

(11) In item (9) or (10) , a silicon nitride may 
be used in place of the materials as aforesaid. 

(12) In items (7) - (11), the inversion of 
prucassing region may be based on one of etch-back 
method, lift-off method, damascene method, and 
selective deposition method. 

(13) In items (4) - (€) , the first mask may bo 
made of first and second materials, wherein the first 
material comprises a light blocking material and the 
second material may comprise a negative resist, 
wherein light may be transmitted through the workpiece 
made of a light transmitting material , from behind it, 
thereby to cause sensitization (reaction) of the 
negative resist, wherein a processing region 
determined by the first, material may be covered by a 
negative resist and, thereafter, hard baking is 
carried out, and wherein the first material may be 
removed to cause inversion of processing region. 

(14) In item (13) , the first material of the 
first mask may comprise a metal film. 

(lb) in item (14) , the metal film may be one of 
a chromium film and an aluminum film. 



(16) Xn items (4) - (IS) , the second mask may 
oomprieo a resist. 

(17) Xn item (16) , the shape of the second mask. 

may toe aerined on the basis of control of exposure 

amount - 

(18) Xn item (17) , the shape of the second mask 
based on the exposure amount control may be determined 
by ("5 ) fontiing the T*-h ma sic bynse of a material being 
non-transparent with respect to exposure light and 
forminq the second mask by use of a negative resist, 
and (ii) tilting incident rays of exposure light when 
the exposure light is incident from behind the 
workpiece being made of light transmitting material , 
where the .surface thereof being coated with a resist 
is a front face. 

(19) Xn item (18) , a structure for preventing 
reflection may be added to the resist surface. 

(20) Xn item (19) , a member having a structure 
for the reflection prevention may comprise a glass 
plate . 

(21) Xn item (18) , a transparent member of wedge 
shape may be provided at the bottom face of the 
workpiece, and the exposure light may be incident on 
the workpiece through the wedge shaped member. 

(22) Xn item (21) , Lh« wedge shaped member may 
have an apical angle a determined in accordance with 
a relation a = 90 deg. * 0 where © is a blaze angle. 



(23) . la Item (4) , the shape of the vertical 
portion of the diffractive optical element may be 
dafinad by use ©f the first mask having wall-like 
protrusions formed with a desired period, wherein the 
shape of the slant portion of the diffractive optical 
element may be defined by use of the second mask which 
comprises a resist pattern of desired shape, being 
provided between the protrusions of the first mask » 

(24) In item (23) , the protrusions of the first 
mask may bo defined by the provision of wall-like 
protrusions of desired period formed by etching the 
workpiece to a desired depth. 

(25) In item (23) or (24) , the resist pattern, 
the protrusions and Lhe workpiece may be etched 
simultaneously by which the shape based on the resist 
pattern and the protrusions is transferred suoh that 
a blazed shape of right triangle is defined on the 
workpiece . 

(26) In item (4) , the shape of the vertical 
portion of the diffractive optical element may be 
defined by use ot the firet masJc provided by embedding' 
an etching mask in a wall -like groove having a desired 
period, wherein the shape of the slant portion of the 
diffractive optical element may be defined by use of 
the second mask comprising a resist pattern of a 
desired shape being provided between the etching 
masks . 
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(27) Zn item (26) , a protrusion o£ thd firstmafllt 
may be rurm^d by etching the workplace to a desired 
depth to produce the wall-like groove of desired period 
and thereafter by embedding the etching mask in the 
groove » 

(28) m item (27) , the resist pattern and the 
werkpiece may be etched simultaneously to produce a 
slant portion of the blazed shape, having a right angle 
shape, wherein the etching mask may be subsequently 
removed whereby a shape based on the resist pattern 
and the etching mask is transferred, such that a blazed 
shape or right angle shape is formed on the workpieoe. 

(29) Tti items (23) , (24) , (26) and (27) , the 
wall -like protrusion or the otohing mask may have a 
width not greater than 150 ma. 

(30) In item (28) , a reflection film comprising 
a chromium film , an aluminum film and a quarts film 
may be formed on the substrate having a triangular 
blazed shape. 

(31) A mold for production of a diffraative 
opticdl t£l«~iut«uL, chdrdCLerized in that the mold is 
manufactured in accordance with a method as recited 
in any one of items (1) - (30) . 

(32) A diffr active optical element 
characterized, in that the diffractive optical element 
is manuf actured in accordance with a method as recited 
in any one of items (1) - (30) . 
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(33) An optical system characterized by 
including a diffractive optical clement ae recited in 
item (32) . 

(34) An optical instrument character! zed, by 

5 including an optical system as recited in item (33) . 

(35) An exposure apparatus characterized by 
including an optical system as recited in item (33) . 

(36) A device manufacturing method 
characterized by producing a device by use of an 

1 0 exposure apparatus as recited in item (35) . 

(37) A device characterized by being produced 
^ in accordance with a device manufacturing method as 

s . 

yd recited in item (36) • 

hj 

if! These and other objects, features and 

m 

JJ 1 5 advantages of the present invention will become more 

f apparent upon a consideration or the following 

description of the preferred embodiments of the 
present invention taken in conjunction with the 

accompanying drawings. 

20 

PRC I IT DESCRIPTION OF THE DRAWINGS 

Fiqures 1A - 10 are schematic and sectional 
views for explaining manufacturing processes in 
accordance with a first embodiment of the present 
25 invention. 

Figures 2A - 2N are schematic and sectional 
views for explaining manufacturing processes in 



nj 



aceozdanoe with a fourth «mbodimant o£ tKa pare sent: 
inv«n Uion . 

Figur s 3A - 3d are schematic and sectional 
views for explaining the fourth embodiment . 

Figures 4 A and 4B are schematic and 
sectional views for explaining Che rourth embodiment. 

Figure 5 is a schematic view for explaining 
a blaze condition. 

Figure 6A - 6F are schematic views for 
explaining mannf ar.t.nri ng processes in accordance with 
a fifth embodiment of the present invention. 

Figure 7A - 7E are schematic views for 
explaining manufacturing processes in accordance with 
a sixth embodiment of the prcoont invention. 

Figure 8 is a schematic and sectional view 
of a reflection type diffractive optical element 
according to a seventh embodiment of the present 
invention . 

Figure 9 is a schematic and sectional view 
of a diffractive optical element according to an eighth 
embodiment of the present iuv«ubiou. 

Figure 10 is a schematic view of a 

projeotion optical system according to a ninth 
embodiment of the present invention. 

figure 11 is a schematic view of a 
projection exposure apparatus according to a tenth 
embodiment of the present invention. 



Figures 12A and 12B are schematio views for 
explaining an error in the blazed shape. 

Figures 13A - 13C are schema M c views for 
explaininy conventional manufacturing processes . 

Figure 14 is a schematic view for 
explaining difficulties in producing a blazed shape 
exactly- 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Preferred embodiments of the present 
invention will now be described with reference to the 
attached drawings . 

In the preferred embodiments of the 
present invention to be described below, when a blazed 
diff -raction grating, for example, xs to be produced 
in accordance with the structure as described 
hereinbefore, the slant shape portion and the vertical 
shape portion of the blazed shape can be transferred 
to a workpiccc satisfactorily by using masks as 
described above. More specifically, since the 
processing region is limited by use of the first mask, 
the vertioal portion of the blazed shape is defined 
by transferring the edge of the first mask such that 
the vertieainess can be retained. As a result, the 
shape of the blazed grating to be processed is not 
influenced by the vertieainess of the resist pattern 
(x in figure 12B) . Further, by registering the first 



and second masks with an accuracy of about: the 
alignment error during the pattern exposure, any 
interruption of biased shape (y In Figure 12B) can be 
avoided. 

A mask with which the vertical shape is to 
be transferred may be made by using the materials 
described above. Additionally, where they are formed 
with a coif -registration function, the alignment error 
can be avoided and a good blazed grating can be produced . 
More specifically, by using two types of materials, 
processing regions oan be defined alternately without 
an interspace and, therefore, a blazed shape can be 
produced without interruption. 

Further, with the structure described 
above, a mask for transferring the shape or a. Ijla^^d 

surface may be a resist, by which manufacture of a 

blazed grating with good shape controllability and 
good transfer property is assured. 

Further, with the structure described 
above, the first mask may comprise a non-transparent 
material while the second mask may comprise a .tresis L- 
The exposure light may be incident on the substrate, 
from behind thereof, thereby to control the shape of 
the second mask. By this, the end of the blazed face 
and the edge of the first mask which determines the 
vertical portion Mn V>«=* *ri=»g-i Rf.ftred with each other. 
As a rcoult, the pattern shape error (y in Figure 12B) 



which causes decrease of the diffraction efficiency 
can be reduced. 

Further, with the structure described 
above , when light io incident from behind the substrate , 
an anti-reflection mechanism may be provided on the 
resist surface by which any disturbance in shape of 

the second mask due to the roflaction at tha ires is t 
surface can be avoided. 

Further, with the structure described 
above, when light is incident from behind the substrate, 
a wedgre shaped member may be intimately contacted to 
the bacfc face of the substrate. This enables 
shortening of the wavelength. As a result, even if 
the blaze angle becomes small, light can enter into 
the substrate at a desired angle without being blocked 
by total reflection- 
Further, with the structure described 
above , a dif tractive optical element having good 
optical performance, an optical system using such 

diff ractive optical element, and a semicoziductof 

exposure apparatus using such optical system can be 
provi rteH 

Further, with the structure described 
above, wall-like protrusions may be formed at a 
position corresponding to the vertical portion of the 
diffraotion pattern by etching- the substrate to a 
predetermined depth and, subsequently, a resist 
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pattern having a shape analogous to the slant portion 
Of the diffraction pattern may be formed between the 
protnifiinnR. Alternatively, the substrate may be 
etched to a predetermined depth to produce a wall-like 
groove at a position corresponding to the vertical 
portion of the diffraction pattern. A film of a 
material suoh as metal or any other material having 
a selection ratio to the substrate in a subsequent 
etching process, may be formed on the substrate, by 
using an etch-back method or chemical and mechanical 
polishing (CM?) method, the groove may be filled to 
provide an etching mask. After this, a resist pattern 
having a shape analogous to the slant portion of the 
diffraction pattern may be formed between the etching 
masks. Thus , the vertical portion and the slant 
portion of the diffraction pattern are formed 
separately by means o£ the structure and the resist 
pattern, the error In shape to be produced when the 
diffraction pattern is produced only by using a resist 
pattern, is reduced. Particularly , the vertiealness 
of the vertical portion becomes better. 

S*i nr.fi thft vftrti nal port-ion the slant 

portion ©£ the diffraction pattern are formed 
separately by using a structure and a resist pattern, 
use of optical exposure technology is enabled. 
Therefore, a sufficiently high throughput is 
attainable iu the production. 




Specific examples of the present invention 
will be described below. 

[ Ewbgdimeii t 1 ] 

Figures 1A - lo are schematic ana. sectional 
views for explaining manufacturing processes 
according to a first embodiment of the present 
invention . In these drawings , denoted at 1 is a quartz 
substrate, and denoted at 9 i * * r»h -r otn i rnn film. 
Denoted at 3 is a resist , and denoted at 4 is a mask. 
Denoted at 5 is exposure light, and denoted at 6 is 
a gray tone mask. Denoted at 7 is an ion beam, and 
denoted at 8 is an aluminum film. 

Initially, as a first mask, a chromium film 
(fiTst material) 2 is formed on the quartz substrate 
1 . Subsequently, a resist 3 is applied onto it. Then, 
a pattern of the mask 4 is transferred to the resist, 
by exposure with exposure light {Figure 1A) . 

By using the resist pattern as a mask, the 
ahromium film is etched (Figure lB) • 

After the chromium film 2 is etched, the 

roeiot is removed. Thus , by using an atohing 
condition with which a sufficient selection ratio to 
the chromium film 2 can be kept for the etching of the 

quartz 1, a. processing region is defined as an opening 
of the chromium film 2 . 

as regards the chromium film etching 



condition, use £ CC14+C02 ad a gas is roportod by Y - 
Suxukx , T. V^fflAzaki dud H . Nakata , in vJcApoinese Journal 
otf Applied Physics, 2X , 1328 (1982) . After the resist 
is applied, again, exposure is performed by using the 
gray tone mask 6. Here, the portion to be exposed by 
using the gray tone mask 6 is aligned with respect to 
the opening portion of the etched chromium film 4 . 
Further , the edge of the portion where the exposure 
light amount changes is designed so that it minutely 
overlaps with the edge of the ohromius film which 
remains on the quartz substrate 1, and it is thicker 
than the width of the opening of the chromium film 2 . 
Since this width has been determined while taking into 
account the alignment error, ao compared with the 
opening portion of the chromium film 2, it is thicker 
twice than the alignment error. Tn the drawings, the 
mask transmission factor is illustrated as if it 
changes stepwise. However, this is for the sake of 
ease in illustration. Practically, it can be 
controlled precisely, and the distribution of the 
light quantity is smooth.. 

In the positive type resist used here, the 
remaining film thickness changes in accordance with 
the light quantity. Therefore, a produced resist 
pattern has a blazed shape such as shown in Figure IE . 
Th-i.ct ■? & the second mask, and the shape of the resist 
pattern (seeond mask) is transferred as a bottom shape 
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as the opening portion o£ the first mask is etched. 
The resultant is then transferred to the quartz 
ftubfttrate 1, by using anisotropic dry etching to be 
done from the above {Figures IF and 16) . 

For convenience of explanation, the 
selection ratio ot the resist and the quartz in the 

drawings is 1:1. This is variable with the etching 
condition. Depending on the blaze angle to be 
transferred , the selection ratio may be other than 1:1. 
For example, where the blaze angle is very small, the 
selection ratio may be changed, rather than by thinning 
the resist in accordance with the blazed shape, to 
determine an etching condition with which the resist 
shape is reduced in the depth direction. This 
facilitates the operation. 

Subserviently , by using an electron beam 
deposition method, an aluminum film 8 is formed as a 
second material , with a thlcXness or the extent that 
can cover the remaining chromium film 2. Then, by CMP 

(chemical mechanical polishing) , the film 8 is 

polished until its surface level becomes coplanar with 
the Riirfar.fl of the remaining chromium film This 
procedure is generally called a damascene process in 
semiconductor manufacturing processes . While CMP is 
used in this example, the surface levels of the 
chromium film 2 and the aluminum film 8 may bo 
registered by an etch-back ineLhod. As a further 
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alternative, a positive typo roaiat may ba appliad and 
a re»i«L pabUcn may be formed on the remaining 
chromium film 2 by projecting exposure light from 
behind the quartz substrate 1, and subsequently , an 
aluminum film 8 may be formed. After this , by using 

a lift-off method, the resist pattern may be removed 
together with the aluminum film formed thereon. When 
the chromium film 2 id removed after the aluminum film 
8 is embedded in, the processing region is inversed. 
A portion not having been processed now becomes a 
processing portion (Figure IX) . 

As described, by forming the first mask by 
using two types of materials, the shape can be 
continuous and no orror is produced. After the 
processing region is determined by the aluminum film 
8, similar processes as the first mask is defined by 
use of the chromium film 9 are repeated , whereby a 
blazed shape is defined between the aluminum film 8 
portions. Finally, the aluminum film 8 is removed, 
whereby a desired blazed grating is produced* 

Further, while this embodiment uses a 
chromium film as the first material of the first masfc, 
a chromium oxide film may be formed on the surface of 
the chromium film. This provides an anti -reflection 
effect in the llthoqraphlc process, experiments were 
made with use of the dual structure using a chromium 
oxide film and a chromium film, and good results were 



obtained in pattern formation . 

In accordance with this method , the 
vertioil portion of the etched shape is defined by the 
edge of the first mask, while the slant of the biased 
grating is defined by the transferred shape of the 
second mask. Therefore, in the resist pattern 
formation using the aeeondmaak, only the gradient that 
determines the blazed shape should be regarded . 

Here, for simplicity, a model of a grating 
having uniform pitch hao been explained. However, 
according to the method of this embodiment, the pitch 
can be designed arbitrarily. Also, the grating 
pattern oan be designed even two-dimensionally . 

[Embodiment ZJ 

Zn order to etoh quarts by using silicon 
nitride as a mask, 02CF3Br may be used as an additive 
gas tc CF4 gas , and the selection ratio may be increased 

thereby (F.H.M. Sandors , J. Digloman , H.J.B. Peters, 
and J. A.M. Sanders, "J. Electrochem. Soc", 129. 2559 
C1982) ) . 

- Thus, in the seeond embodiment, silicon 
nitride is used in place of any one of chromium film 

and aluminum film for the first material of the first 
mask in t.hfi first embodiment or chromium oxide film 
and chromium film for the dual-layer film. With use 
of silicon nitride, good characteristics were obtained. 



and it wa confirm d that the present invention can 
fee embodied with this . 

[Kmh>orl i men L 3] 

in the third embodiment of the present 

invantion , as regards tho first mack used in the first 
embodiment , one of chromium film, dual-layer film of 
chromium oxide film and chromium film, and alumina film 
is used as the first material , whereas a negative type 
resist is used as the second material. After the 
processing of a first openlnq portion is completed, 
the first opening portion is filled with a negative 
ire a 1st. After the negative resist is applied, 
exposure light is projected from behind the quartz 
substrate. Sinne any of the first materials have a 
light blocking property to exposure light, only the 
resist at the opening portion is sensitized (reacted) 
and thus it remains after the development. By 
hard-baking this, it has been confirmed that, where 
a resist is applied again and the lithographic process 
is to toe carried out, there occurs no mixing of resist 
materials . 

[Embodiment 4] 

Piguras 2A - 2N ehov manufacturing 
processes according to a fourth tuubudiinexit of the 
present invention, in these drawings, like the first 



- 29 - 



embodiment/ a ohrooium film 2 is formed on a quartz 
substrate 1. A resist Is then applied to the surface 
of the chromium film 2, and a pattern to be used as 
a. first mask Is photoprinted . While using the thus 
produced resist pattern as a mask, the chromium film 
2 is etched, such that the chromium film 2 that 
determines the processing region is completed (Figure 
2C> . 

Subsequently, a negative resist is appl ed 
to the surface o£ the quartz substrate 1, and exposure 
light is incident obliquely from behind the quartz 
substrate 1. In the negative resist, the exposed 
portion remains after development. Therefore, the 
pattern to be produced after the oblique exposure is 
a resist pattern being obliquely inclined such as shown 
in Figure 2E , 

The thus produced resist pattern functions 
as a second mask. The tilt of the side face of the 
resist pattern corresponds to the shape to be 
transferred to the etching bottom, as the shape of the 
second mask. Here, the magnification to be 
transferred in the depth direction is variable with 
the etching condition. Therefore, the resist pattern 

may be formed with an angle determined on the basis 

of a desired blazed angle while taking into account 
the selection ratio of the etching, nere, for 
simplicity, a case where the selection ratio is 1 is 
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illuatratad . Figure 2G fihovs a state In which a. resist 
shape which is a second mask is transferred to the whole 
surface of the processing region which is determined 
by thft nhromi 11m fi 1m Here, like the first 

embodiment , the aluminum film 8 is embedded in between 
remaining chromium film 2 portions by means of the CMP 
method or the like. After that, the chromium film 2 
is removed. With this procedure, the processing 
region is invt- jt s«d , without in Lersftpact* . 

After the processing region is defined by 
the aluminum film 9, processes similar to those in the 
case where the first mask comprises a chromium film 
2 are carried out, by which a blazed shape is produced 
between the aluminum film 8 portions. Finally, the 
aluminum film 8 is removed completely, such Lhd. t <& 
desired blazed grating is completed. Where the 
wavelength used for the blazed grating to be produced 
is short and the blaze angle becomes small, there may 
be cases wherein as shown in Figure 3A the exposure 
light is reflected by the resist surface and therefore 
the resist shape is degraded (Figure 3D) . In such case, 
as shown in Figure 3c, a material having a refractive 
index similar to that of the resist may be intimately 
contacted to the resist surface, as an anti-reflection 
member 11 , and the exposure process may be carried out. 
As regards the refractive index, as long *r it is about 
±10% o£ the resist refractive index, reflection at the 



intarfaee fiAn be effectively prevented to a. 
SUbS t antxal degree - 

Further, in this embodiment, the exposure 
light i* inr.iHent from the bottom face the substrate. 
Therefore, the exposure light may be refracted at the 
bottom inter facts as shown in Figure 4A, in accordance 
with the Snell's law. Since lient enters xnto the 
medium from the atmosphere, the angle of light incident 
uu Lh« resist with respect to the surface of the quartz 
substrate 1., that is, the angle that determines the 

blaze angle, becomes large. Further, if the exposure 
light is projected in a direction excessively nearly 
parallel to the substrate surface while taking into 
account the refraction, due to total reflection a 
sufficient light quantity can not impinge on the 
resist. 

In consideration of the above, if in this 
embodiment a small blaze angle is to be produced, as 
shown in Figure 4B, a glass member of wedge shape may 
be intimately contacted to the bottom face of the 
quartz substrate, such that the exposure light is 
incident through the wedqe shaped member. The apical 
angle of the wedge shaped member may be set so that 
the surface becomes approximately perpendicular to the 
exposure light ray impinging thereon. The apical 
angle of the wedge can be determined easily, and it 
corresponds to the reminder of subtracting the blaze 



angle from 90 decrees . 



[Embodiment 5] 

Figures 6A - 6F aro ochcmatio and eeotional 
views for explaining manufacturing proctsasos of right 
triangular blazed shape dif tractive optical element, 

in which wall-like protrusions aro fonaod at a dasirad 
period. In the first step shown in Figure 6A, a 
positive resist xs applied onto a quartz substrate 1 
and, after that, at the second step shown in Figure 
6B, a stepper with exposure light of 246 run wavelength 
as well as a phase shift reticle are used to produce 
a resist pattern 12 of a width 100 nm, at a desired 
position corresponding to the vertical portion of a 
diffraction pattern of blazed shape, comprising a 
right triangular shape . 

In the third step shown in Figure €C , in 
accordance with reactive ion etching method (RIE 
method) and under the condition that a CHF3 gas at a 
flow rate of 12,6 seem, an RF power of 200 W, and a 
pressure of 4 Pa, the quartz substrate 10 is etched 
to a depth 427 nm, whereby prntimnl on* 1 3 art* prnriimftd . 
Subsequently, a positive resist is applied onto the 
quartz substrate 10 to a thickness 427 nm and, after 
that, in the fourth step shown in Figure 6D , by using 
a stepper with exposure light of 2 49 nm wavelength and 
a transmission factor controlling reticle, a resisL 



pattern 14 having the cam angl as the slant portion 
of the blax«d shape diffraction pattern , havi ng a -right 
triAngular shape, is formed between pr truoiono 13. 

In the procedure described above, with the 
protrusions 13 and the resist patterns 14 , a structure 
having the same shape aa ©£ the diffraction pattern 
-to be produced, except for the difference due Lu Lhe 
width of thfi protrusion 13, is produced on the 
substrate 10 . 

Further, the angle of the side wall of the 
protrusion which is produced by the anisotropic RIE 
method can be defined at about 8 8 deg. , under Che 
above-described condition, and the above-described 
shape error amount x can be estimated approximately 
ao not greater than 20 am. Further, the exposure 
amount for the resist patterning in this process is 
set slightly smaller than the ordinary level. With 
this procedure, the wist shape error at the slant 
portion (Figure 12B) can be reduced. 

Subsequently, at the fifth step in Figure 
6fi, in accordance with reactive ion etching method (WTK 
method) and under the condition that a mixture gas of 
CF4 and oxygen at respective flow rates of 21 seem and 
3 seem, an RF power of dO W, and a pressure of 4 Pa , 
the protrusions 13 and the resist patterns 14 arc 
etched simultaneously until they are removed. By this 
procedure, a dif tractive optical element of blazed 



shape, having o right triangular actional shape, such 
as shown in Figure 6F, is accomplish d. 

Here, the PTE etching condition used in the 
fifth step (Figure 6E) io adjusted 00 that the 
selection ration of the quartz (substrate material) 
and the resist becomes equal to 1.0, and the Shape 
comprising the protrusion 13 and the resist pattern 
14 determined at the fourth step (Figure CD) is 
directly transferred to the substrate 10. 

The thus produced diffractive optical 
element having a smallest period 2.80 microns and a 
depth 427 nm can be an embodiment of an irregular period 
diffraotiv© optical olamant having a high-preei sion 
righL triangular shape blazed structure, including 
only a very small shape error with respect to an 
idealistic shape . 



[Embodiment 6] 

Figures 7A - 7E are schematic and sectional 
views for explaining manufacturing processes of a 
blazed diffractive optical element having a right 
triangular shape, according to «ivth AmVmrii wati t , in 
which wall-like grooves are formed at a desired period. 
In the first step of Figure 7A, a resist pattern 21 
having opening portions of a width 150 nm formed at 
positions corresponding to vortical portions of a 
desired diffraction pattern, is formed on a cjucix 
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substrate 20 ► Aftor this, at the second step shown 
in Figure 7B, In acuuxdance with reactive ion etching 
method (RIE method) and by use of a mixture gas of CHF3 
and oxygen, the quartz substrate 20 is etched to a depth 
427 nm, whereby wall-like grooves 22 ere produced, 
subsequently, by using a sputtering method, an Al film 
is formad on the quartz substrate 20 to a thickness 
500 - 1000 nm, so that the grooves 22 are filled thereby. 
After this, at the third step of Figure It, by using 
a chemical mechanical polishing method (CMP) , the Al 
film is removed until the surface of the quartz 
substrate 20 is exposed, by which a wall-like etching 
mask 23 is produced. With the procedure described 
above, the vertical portions of a desired right 
triangular diffraction pattern are formed. 

Subsequently, a positive resist is applied 
onto the substrate 20 to a thickness 400 - 500 nm, and 
after that, in the fourth step of Figure 7D , by using 
a stepper with exposure light of 248 nm wavelength and 
a transmission factor controlling reticle, a resist 
pattern 24 having the same angle as the slant portion 
of the blazed shape diffraction pattern, having a 
right- triangular shape , is formed between the etching 
mask portions 23. Kith the procedure described in the 
foregoing, a structure of the same shape as of a 
diffraction pattern to be producer? , except fnr th*> 
difference due to the width of the groove 23, is 
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produced on the substrate 10, wher in the vertical 
portion aad the slant portion are formed separately 
and wherein the vertical portion of the desired 
diffraction pattern is defined by the groove while the 
slant portion is definod by the resist pattern 24. 

Subsequently, in accordance with reactive 
ion etching method (RIE method) and under the condition 
that a mixture gas of CF4 and oxygen at respective flow 
rates of 21 yvcin *.nd 3 seem, an RF power of 90 W, and 
a pressure of 4 Pa, the resist is etched until the 
resist pattern 24 is removed. After this, the Al 
etching mask 23 is removed by using an etching liquid 
which consists of mixture solvent of phosphoric acid, 
nitric acid and acetic acid, whereby a blazed .«?h*pe 
diffract! ve optical element having a right triangular 
sectional shape such as shown in Fiqure 7E is 
accomplished. Here, the RIE etching condition used 
in the fourth and fifth steps (Figures 7E and 7E) ia 
so adjusted that the selection ratio of the quartz 
(substrate material) and the resist becomes equal to 
1 . 0 while the selection ratio of quarts and Al become© 
largest as much as possible . The groove 22 having been 
determined at the second step (Figure 7B) and the shape 
of the resist pattern 24 are combined and the combined 
is transferred to the substrate 10 . 

The thus produced dif tractive optical 
element having a smallest period 2.60 microns and a 
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depth 427 nm can be an embodiment of an irregular period 
dif£ractivG optical element having a high-preoici n 
right: triangular shape blazed structure, including 
only a very small shape error with respect to an 
idealistic shape . 

Zn the fifth and sixth embodiment 3 , the 
wall-li£e protrusion and the groove have a height 100 
sun and a depth ISO nm. However, as regards the exposure 
technology to be used for the resist pattern formation 
for forming the protrusions or grooves, from the 
standpoint of further increases of precision required, 
use of exposure technology that enables formation of 
an extremely fine pattern is preferable. Therefore, 

the exposure light is not limited to ultraviolet light 
or deep ultraviolet light, but an electron beam or X 
rays or any other exposure technology may be used. 
Further, in the fifth and sixth embodiment, 
as regards the etching method and condition for etching 
the substrate to produce wall-like protrusions or 
grooves , appropriate one with which the shape after 
the etehing becomea rectangular may be chosen. 
Further, as regards the etchinq method and condition 
for etching the resist to form the slant portion, the 
etching selection ratio of tho rosist to the substrate 
may prufyrably bu iu <* range of 0.5-5.0. 

As a matter of course, an appropriate 
condition may be chosen in aooordanoe with the 




combination of the selection ratio , the resist 
thxtikness and the desired depth. 

Xn the fifth and sixth eiobodiments , the 
transmission factor control type mask used for 
exposure o£ the resist pattern, for formation of the 
Slant portion, is able to control the transmission 
factor to the exposure light, by, for example, changing 
the thickness of a metal (usually, chromium film) of 
the light blocking portion, or in accordance with a 
method in which opening portions and light blocking 
portions of fine lines or dots, which are unresolvable 
by the exposure process used, are provided and the 
width of them is ohanged: 

Further, in the fifth and sixth embodiment, 
for Qxpusure of the resist pattern for formation of 
the slant portion and the qroove or protrusion, an 
alignment operation is necessary. Although an 
alignment error may occur in this procedure, with the 
exposure technology currently available, alignment 
precision of 100 nm or less and even a precision of 
50 nm or less is attainable. Thus, such positional 
error can be absorbed by the width of the protrusion 
or groove . Therefore, it does not cause a shape error > 
In the fifth and sixth embodiments , tno 
substrate is not limited to a light transmission type. 
A reflation type substrate or an appropriate material 
may be chosen in accordance with the purpose of us a 



o£ the mold. 

Furtbex, as regards th method of forming 
the etching masJt material film, any one of vacuum 
deposition method, sputtering method, ion beam 
sputtering method, ion plating method, CVD method, 
electron beam method and so on, may be used. 

Further, at opposite sides of the 
substrate of the diffractive optical clement 
manufactured In accordance with the fifth or sixth 
embodiment , anti-reflection films may be provided as 
required . 

[Embodiment 7] 

Figure 8 ie a schematic and sectional vigw 
of a reflection type dif f ractiv«* optical element 
aottATriing to a seventh embodiment of the present 
invention. A substrate 61 hae a structure of right 
triangular shaped blazed shape , having been produced 
in accordance with the fifth or sixth embodiment . By 
using electron beam deposition method or the like, a 
chromium layer 62 , an aluminum layer 63 and a quartz 
layer 64 are accumulated on the substrate 61, as an 
anti -reflection film. The chromium layer 62 has a 
property Tor enhancing intimateness of contact to the 
substrate 61, and the aluminum layer 63 functions as 
an anti-reflection layer. The quartz layer 63 has a 
function of protecting film. As regards the material 



of the substrata, silicon or quart* i uaablo. As 
regards the material of th anti-reflection film l^yar 
as veil as the layered stnmture thereof, those with 
which each layers can exhibit their functions best, 
in relation to the wavelength used and the environment 
are selected, with the procedure described above, a 
reflection type , irrogular -period diffractiva optical 
element having a high-precision right triangular shape 
blazed structure, including only a very small shape 
error with respect to an idealistic shape, i « 
accomplished . 

[Embodiment 8] 

Figure 9 is a sectional view of a. 
diffractive optical element according to an eighth 
embodiment. A substrate 65 ha* a structure with a 
right triangular blazed shape, having been produced 
in accordance with the fifth or sixth embodiment. The 
substrate 65 is used as a mold, and in accordance with 
a reproduction method such as injection method or ZP 
method, using photo-setting; resin or the like, a 
diffractive optical aliment fifi is produced as a replica. 
In this manner/ an irregular period diffractive 
optical element having a high-precision right 
triangular shape blazed structure, including only a 
very small shape error with respect to an idealistic 
shape, can be accomplished. 
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t fijabodimen t 9 ] 

Figure 10 is a schematic view of a 
projection optical ays tarn having a dirf ractive optical 
element according to a. ninth embodimont . An ordinary 
lens group 71 having spherical or aspherical surfaces 
includes a diffractive optical element 72 according 
to this embodiment. The surfaces of* the ot-cH n*ry lens 
group 71 are coated with an anti reflection film. 

The diffractive optical element 72 
cooperates with the ordinary lens system 71 to perform 
correction of various aberrations of the optical . 
system, such as chromatic aberration or Seldel' s five 
aberrations, for example. Sxich projection optical 
system may be used in various cameras , an interchanging 
lens system for a single reflex camera, office machines 
such as coping machines , projection exposure 
apparatuses for production o£ licjuid crystal panels, 
projection exposure apparatuses for production of 
semiconductor chips $noh as If! or LSI, for example. 

[Embodiment 10] 

Figure 11 is a schematic view of a 
projection exposure apparatus according Lo a. L«« Lh 
embodiment. In Figure 11 , the projection exposure 
apparatus includes an illumination optical system 73 



for a applying expocuro light, & mask 74 to be 
Illuminated by Lb* illumination optical system 73, a 
projftction optical system 75 for pr jecting an imaqe 
of a dcvioe pattern formed on the mask 74, and a glaaa 
substrate or silicon substrate having a resist applied 

thereto. 

The illumination optical system 73 and/or 
the projection optical system 75 includes a 
diffraetlve optical element according Lo lliis 
embodiment. The lens surfaces of the illumination 
optical system 73 or the projection optical system 75 
have anti-reflection films formed thereon. The 
exposure light from the xllumxnation optioal system 
73 illuminates the mask 74, and the image of the device 
pattern formed on the mask 74 is projected on the glass 
or silicon substrate 76. 

In accordance with the embodiments of the 
present invention as described above, a high precision 
diffraetlve optical element can be produced in 
accordance with conventional lithographic processes, 
yeL Lhe production throughput can be improved and, 
simultaneously therewith, the shape precision can be 
assured. 

Further, in the formation of the biased 
shape according to the lithographic process, errors 
such as tilt of the vertical po-r-KS on atiH interruption 
of the blazed surface at the vertical portion, can be 



avoided « 

Further, a diffractive optical element of 
blazed shape can be produced easily, and a high 
preaieion diffractiva optical element having a l«r<jA 
freedom or latitude can be manufactured at a high 

productivity . 

While the invention has been described 

with reference to the structurea disclosed herein , it 

is not confined to the details set forth and this 
application is intended to rover such modifications 
or changes as may come within the purposes of the 
improvements or the scope of the following claims. 



